Degenerate polymerase chain reaction (PCR) primers and specific PCR conditions have been developed for the selective amplification of a polymorphic region of ribulose-1,5-bisphosphate carboxylase (RuBisCo) small subunit (ssu) genes. Reliable amplification has been achieved for genes from more than 20 plant species from a variety of taxonomic groups. Analysis of Nicotiana species provides strong evidence that the test loci are polymorphic at the interspecies level but show little polymorphic variation at the intraspecies level. This specific multilocus PCR approach provides a powerful counterpart to random amplification of polymorphic DNA (RAPD) and restriction fragment length polymorphism (RFLP) analysis for the identification of plant tissues.
Introduction
Genetic methods for tissue identification and typing have increasingly been applied since the development of powerful genetic fingerprinting techniques (Jeffreys et a!., 1985) . There is now widespread legal acceptance of DNA evidence provided by a wide range of techniques developed for genetic profiling.
Indeed, many are available as commercial and public services (Ferrie et al., 1992) . However, despite the range of DNA identification techniques, most are developed to solve a particular problem and are limited in their application, reflecting different strengths and weaknesses. It is therefore desirable that new methods be developed to extend the utility of genetic profiling.
Many genetic profiling tests rely largely on the powerful selectivity of PCR to provide DNA evidence in criminal, paternity or immigration cases and in the protection of rare birds (Verheyen et al., 1995) . Random amplification of polymorphic DNA (RAPD) (Welsh & McClelland, 1990; Williams et al. Correspondence: P. F. Hamlyn, BTF6, Shirley House, Didsbury, Manchester, M20 2RB, U.K. E-mail: pfhamlyn@bttg.co.uk 1997 The Genetical Society of Great Britain. 557 1990) amplifies random regions of the target DNA using short arbitrary sequence oligonucleotides.
Several workers have developed plant identification systems using this type of methodology (Hu & Quiros, 1991; Böhm et a!., 1993; Yang & Quiros, 1993) . Numerous sets of DNA probes, which hybridize to the chosen target species or strain, have been reported along with PCR conditions to facilitate detection of species-specific target loci. These techniques are increasingly being applied to the area of animal and plant tissue identification to aid in the enforcement of environmental protection laws and to check the validity of commercial product labelling (Blackett & Keim, 1992; Hamlyn et al. , 1992;  Nelson et a!., 1992; Forrest & Carrniege, 1994) .
The central dogma of most genetic profiling techniques consists in selecting a target locus that is informative for the population to be identified, followed by the development of an assay that will yield information about that locus. By carefully choosing a locus that is informative for all the samples that might be encountered, a single test method can be made applicable to a wide range of species. Eukaryotic genes often comprise noncoding introns that are selectively spliced from the gene transcript before translation and exons that represent coding regions that are translated into the gene product. Most of the nucleotide sequence of introns is irrelevant; tI"is, accumulation of mutations as a result of repli tion errors is selectively neutral (Futuyma, 1986) , meaning that introns will exhibit a higher mutation rate than associated exons of the gene. This differential mutation rate has the consequence that, for a given gene, two species with highly conserved exon sequences may differ quite markedly in the sequences of the introns. Introns therefore represent good targets for detecting polymorphic variation. In order to provide a rapid PCR-based identification system for plant species, an ideal target locus would be specific to plants and would have highly conserved sequences that function as universal targets for PCR primers to amplify a region spanning one or more polymorphic introns The RuBisCo small subunit gene is a multicopy gene therefore several loci are amplified simultaneously PCR amplification from the polymorphic region of the gene produces several fragments unique to the species tested.
The banding pattern produced after separation of amplification products forms the basis of the genetic profile. Fig. 1 Schematic illustration of the RuBisCo SSU gene and PCR amplification products. The RuBisCo SSU gene is shown with two introns (white boxes). Most species have several copies of the gene that contain a variable number of introns that can differ in both length and base composition. By using the conserved coding exons (black boxes) as targets for PCR primers it is possible to amplify a DNA fragment that spans the polymorphic introns of the gene. Several amplification products are produced, one for each copy of the gene. When these fragments are separated by gel electrophoresis a unique speciesspecific pattern is produced.
yield high concentrations of PCR amplifiable DNA from most plant sources. However, for difficult tissues containing high concentrations of phenolic compounds and/or starch this extraction protocol was combined with a further DNA purification step using the silica-based protocol developed by Höss & Pääbo (1993) .
Sequence alignments RuBisCo ssu gene sequences were extracted from the EMBL database and analysed using screen Maniatis et al. (1982) . DNA gels were photographed using an Olympus 0M4 Ti with Ilford XP2400 film. DNA fragment sizes were determined by comparison to )HindIII digest and Pharmacia 100 bp ladder size markers. DNA fragments were isolated from the PCR by direct ligation using PCR, TA cloning kit (Invitrogen). DNA from recombinant plasmids was prepared for sequencing using the Wizard Miniprep Kit (Promega). Sequencing reactions were conducted using the purified plasmid as template at Kings College School of Medicine, London, on an automated ABI 373 A sequencer (Perkin Elmer).
Hybridization PCR products were randomly labelled using [-32P ]dCTP and the mega prime kit (Amersham). Southern analysis was carried out as described by Maniatis et al. (1982) . Oligonucleotide probes were end-labelled using [y32P]dATP and a Boehringer Mannheini end-labelling kit. Radiolabelled probes were separated from unincorporated nucleotides using Pharmacia G50 columns.
Simulated degradation of genomic DNA Freshly extracted Nicotiana tabacum genomic DNA was exposed to high-frequency sonic waves using a heat systems ultrasonic processor coupled to a 20-kHz ultrasonic convertor. The ultrasonic probe was immersed in ice water and the tube containing the DNA held adjacent to the probe in the path of the sonic output. The tube was briefly vortexed and centrifuged before removal of any DNA.
Results and discussion
RuBisCo is a very large protein with 16 subunits, eight small subunits (14 000 M) and eight large subunits (55 000 Mr), which encode the active site. The enzyme, which is located on the stromal surface of the thylakoid membrane, catalyses the conversion of ribulose-1,5-bisphosphate to 3-phosphoglycerate. RuBisCo can also act as an oxygenase, catalysing the conversion of ribulose-1,5-bisphosphate to 3-phosphoglycerate and phosphoglycolate. The large subunit encoding gene is located in the chloroplast genome whereas the multicopy ssu encoding genes are located on different chromosomes throughout the plant genome (Dean et a!., 1989) . The structure of the ssu genes has certain conserved features, including a leader peptide that, although polymorphic between even closely related species, has a highly conserved exon region near the junction of the first intron. A second conserved region lies within the final exon of the gene approximately 170 bp of coding sequence downstream of the first conserved site. These characteristics make the RuBisCo ssu genes a suitable target to allow amplification of several polymorphic introns (Fig. 2) .
As different copies of the RuBisCo ssu genes reside at several chromosomal locations, which vary between most species, PCR amplification using this system generates a number of amplification products that can be used to differentiate between species.
Amplification from 13 species of Nicotiana (Fig. 3) demonstrates that the RuBisCo ssu genes contain sufficient sequence variation to distinguish between closely related plant species. By comparing the band pattern, including band number, sizes and relative intensities, with the pattern produced from a reference sample it is possible to identify unknown Nicotiana samples. Gene structure and sequence data for Nicotiana species (Dean et al., 1989) allow prediction that PCR amplification would produce two distinct subgroups of amplification products.
Larger amplification products, with a size in excess of 700 bp, represent gene fragments containing three introns, whereas smaller amplification products, with a size of less than 600 bp, contain only two introns. To investigate the extent of varietal differences, the RuBisCo ssu genes profile of 10 varieties of N rustica were analysed (Fig. 4) . Some polymorphism exists, with N rustica var. Texana, var.
Brazilia and var. Asiatica apparently possessing an additional copy of the gene, which produces an amplification product with a molecular size of approximately 880 bp. The variation shown at the test loci demonstrates that PCR amplification of the RuBisCo ssu genes intron could be used to provide a form of identification beyond the species level to the variety level within N rustica. However, the level of polymorphism in any species of interest should be determined in advance of routine testing as four species of Eucalyptus have shown lower levels of polymorphism than Nicotiana (results not shown).
The amplification products for the N rustica varieties (Fig. 4) were digested individually with the fourbase cutting enzymes RsaI and AluI. The bands generated for the 10 varieties were very similar (results not shown), demonstrating that there is little sequence variation within the amplification products.
Hybridization studies to investigate the use of the amplification products as species-specific probes also showed that there is a high degree of sequence homology between closely related species. The species (the probe is largely composed of intron sequences), it did hybridize to N langsdoifii and N sanderae even under stringent wash conditions; these two species appear to be closely related to N glauca. The relatively conserved nature of the RuBisCo ssu genes introns, which hybridize to closely related species and show only limited intraspecies variation, suggests that individuals of a given species are unlikely to show detectable size polymorphisms.
The PCR conditions have been applied to a wide range of different species (Fig. 5) ; the amplification patterns produced were repeatable and could be used to identify the original DNA sample by comparison of the band pattern with a reference sample. Three amplification products from N sylvestris, one from each band at sizes 850 bp, 600 bp and 500 bp, have been sequenced and all have regions of very high homology to the second exon of the RuBisCo ssu genes. In addition, five further PCR amplification products from Eucalyptus have been sequenced and again all have regions of high homology to the RuBisCo ssu genes.
The test was designed to identify plant material from both fresh and commercially processed tissues. DNA extraction from commercially processed plant tissues has shown that any residual nucleic acid is often highly degraded. In an effort to simulate commercial processing in a controlled manner, high molecular weight DNA, isolated from fresh tissue, was sonicated for varying lengths of time to produce a range of DNA samples with decreasing average 800 bp -. 300 bp -. fragment size (Fig. 6a ). When tested with the standard reaction conditions, an identical amplification profile is produced as for fresh tissue (Fig. 6b) ,
suggesting that this analysis is applicable to the identification of commercially processed plant material or other samples from which only poorquality DNA is available. To test this hypothesis, DNA was isolated from several brands of cigarettes and cigars and tested using the standard PCR reaction conditions. All samples gave the genetic profile of N tabacum despite the very poor condition of the DNA, which was highly degraded. The PCR conditions have also been tested with variable template concentrations and found to be unaffected by 10-fold concentration differences. DNA has also been amplified from fully processed white rice. Kocher et a!. (1989) developed a set of primers suitable for amplifying a section of the cytochrome B gene. Many studies have used these reaction conditions to amplify the gene from many members of the animal kingdom, and have used the informatio gained from subsequent analysis of the amplification product in phylogenetic studies. Successful amplification of the RuBisCo gene may provide a useful additional tool for this form of analysis in the plant kingdom.
It is hoped that further advances in DNA extraction techniques will allow DNA recovery from timber. Provisional results achieved with DNA recovered from pine wood strongly suggest that PCR analysis of the RuBisCo ssu genes from timber could form the basis of a rapid and universal timber identification system.
